Study on the gasoline flame ionization mechanism and ion current phase variation for HCCI combustion phasing 
Introduction
HCCI has attracted much interest in ICE combustion research during the last decade due to its high fuel economy performance and low NOx emissions [25, 7] . However, the combustion phasing control of HCCI engine has become the bottleneck for its application in productive engines [20, 19] .
Since straightforward methods to control combustion process, like spark ignition or fuel injection, are unavailable on HCCI engine, the consideration of robustness makes closed loop control methods on combustion necessary. Accordingly, combustion sensing and feedback control became the key issues in solving this problem [9, 23] .
Ion sensing technology gradually proved to be one of the most promising approaches for HCCI combustion phasing in mass production engines [14, 15] . In mass productive engines, either the spark plug or the heating plug can be used as the sensor to measure the ion current signals without modifying the engine structure. Therefore, the technique has been widely investigated nowadays because of its low cost and easy maintenance.
Many literatures have reported that there is a certain correlation between the phase of ion current signals and heat release curves within a large range of engine operation conditions [13, 16, 1] .
The variation of the phase difference between them was gradually noticed on HCCI engines recently.
Andreas et. al. [22] found that in the methanol HCCI engine, regardless of the ion sensor locations, the phase difference between the ion50 (crank angle for 50% of maximum ion current amplitude) and the CA50 (crank angle for 50% Burned Mass Fraction) is increased up to 10 crank angle degrees when the fuel concentration decreased. Martin and Ingemar [11] indicated that the motion of air fuel mixtures also significantly affected the waveform of ion current, but statistically the varying tendency of the phase difference between ion50 and CA50 is unaffected, and this phase difference will be enlarged under low equivalence ratio conditions. The above studies indicated that the effects from the physical aspects of ion sensing system are not the source of such a variation about phase difference. On the other hand, the study from Wu [24] also suggested that the electrode parameters including the polarity, size, and distance do little influence on the ionization current waveform. Hence, the inherent kinetics of ion current formation process should be studied as the key to understand the phase difference between these two signals. The flame chemi-ionization mechanism has been studied for a long time. In 1950s, some studies were conducted for the identification of the ions aroused in hydrocarbon flame [3, 6] . Later, the initial analysis about the ion generation rates was accomplished by Weinberg and Lawton [18, 12] .
For the study of soot formation process, a mechanism for flame ionization process was proposed by Warnatz [21] . The ionic structure and primary ions in low temperature laminar flame was also studied based on mass spectrometry analysis by Fialkov [8] . Recently, for achieving an ion current signal based combustion phasing on HCCI engines, the amplitude varying principles of the ion current signal were studied by Bogin and Dibble via applying an ion production mechanism with a well mixed reactor model [2] .
In this paper, a kinetic model was developed to achieve a mechanism level understanding of the phase correlation between the ion current signal and the heat release curve. A multizone combustion model coupled with a gasoline flame ionization mechanism was constructed in this paper. Through the mechanism analysis, the varying principles of the ion production and recombination process were investigated. Furthermore, the effect of both the fuel concentration and the intake temperature on ion production process were discussed based on the model predictions and the experimental results. All this work would contribute to the vital issue of ion sensing based combustion phasing on HCCI engines.
Experimental set-up and methods
The test engine was a modified 0.8 L single cylinder diesel engine. The engine specifications are listed in Table 1 . One 8 kW external heater was installed onto the intake air path to adjust the intake temperature. The ion current detection system is shown in Figure 1 . The engine block was connected to the positive electrode of the DC power source. A spark plug was installed on The ion current signal, cylinder pressure, intake temperature/pressure and other parameters are all collected through analog and digital ports of high-speed data acquisition card after corresponding modulation.
Fundamentals

Skeleton Ion Formation Mechanism
In this paper, a skeleton chemical kinetics mechanism including 9 varieties of ion components
, e) and 28 steps of ion reactions was constructed based on previous studies [4, 5] . The primary reaction approaches introduced are shown in Table 2 . These reactions focus on the formation and recombination process of H 3 O + as the main ion species [17] . Reaction step 1-5 represent the key ion formation steps during the ionization process, while reaction step 6-9 describe the ion recombination mechanism. Hence, the variation principles of ion formatting history can be analyzed through above mechanism.
4 Table 2 : Primary reactions in the skeleton ion formation mechanism
Step Reaction 
Numerical Model for HCCI Combustion
To achieve a detailed analysis of gasoline flame ionization mechanism, the constructed skeleton ion formation mechanism was coupled with a reduced primary reference fuel (PRF) oxidation kinetic mechanism. The reaction kinetics and thermodynamic database utilized in the mechanism are provided by Jerzembeck and Pitsch which contains 203 species and 1071 steps of reactions, the detailed information of the PRF oxidation mechanism can be found in literature [10] . The modeling predictions are carried out with the commercial chemical reaction kinetics analysis software
CHEMKIN.
Concerning the engine model, both a single zone and a multi-zone HCCI combustion model were constructed for different purposes.In the single-zone model, the ion formation process was regarded as occurred simultaneously within the whole cylinder because the air fuel mixtures was assumed as absolutely homogeneous. Then the formation process can be treated as independent of the recombination process. Accordingly, to investigate the mechanism of these two process separately, the single zone model was applied in this paper. However, the single zone model can not clearly reflect the real combustion process due to the assumption of absolutely homogeneous.
Hence, to analyze the HCCI combustion process, a multi-zone engine model was built as well.
As shown in Figure 2 , within the multi-zone model, the entire cylinder is divided into seven inner core zones (zone 1-7), an outer core zone (zone 8), a boundary layer zone (zone 9), and a crevice zone with constant volume (zone 10). To define the initial parameters at the moment of the intake valve closing (IVC), the equivalence ratio was measured by a universal exhaust gas oxygen e valve closure (IVC), the equivalence ratio was analyzed with the assistan l exhaust gas oxygen sensor. The average temperature and residual gas fracti d through the heat release analysis upon the cylinder pressure varying history. 
Results and discussions
Affecting mechanism of ion formatting process on HCCI engine
The reactants concentration and temperature are dominating factors for both heat release process and ion formation process within a HCCI combustion event. Therefore, the effect of the equivalence ratio and the intake temperature (T in ) on the ion formation process is discussed in this paper.
Under the condition of 448 K intake temperature and 0.092 MPa intake pressure, the A comparison between numerical predictions and experimental predictions is shown in Figure   3 . Figure 3 between the modeling predicted ion production process and the ion current formatting process will 6 be discussed later in this paper.
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Affecting mechanism of ion formation process on HCCI engine
The reactants concentration and temperature are dominating factors for both heat release process and ion formation process within a HCCI combustion event. Therefore, the effect of the equivalence ratio and the intake temperature (T in ) on the ion formation process is discussed in this paper. Under the condition of 448 K intake temperature and 0.092 MPa intake pressure, the relationship between the amplitudes of ion current signal (A ion ) and the maximum cylinder pressure (P max ) within the equivalence ratio range of Φ 0.3-0.44 is shown in Figure 4 . With the increase of air fuel concentration, the P max increased almost in a linear way, while the A ion increased nearly as a third order polynomial function of P max . In parallel, the concentration of produced H 3 O + ions under different equivalence ratio was calculated through the signal-zone numerical model. As shown in Figure 5 , the maximal concentration of H 3 O + ions is nearly third order respect to the equivalence ratio. Thus a conclusion can be drawn that the the amplitudes of ion current, which almost 6 orders larger than the concentration of CH radicals. Thus, it can be deduced that the concentration of CH is the dominate factor within the production process of H 3 O + ions. Previous researches indicated that the CH production rate is nearly second order of hydrocarbon concentration in laminar flames [25] . Such a relation was also exhibited in the modeling results of this paper. Therefore, it can be deduced that within the gasoline HCCI combustion process, the raising rate of ion current is second order respect to the equivalence ratio due to the effect of the production rate of CH radicals. To investigate such phenomena, a reaction path analysis was conducted. Figure 6 (a) shows the results for 10 species that have the largest production rate during the H 3 O + ions formatting process. It can be seen that the chemi-ionization reaction is initiated by the reaction step of Table 2 . to the formatted ion concentration according to the Arrhenius equitation. However, as shown in Figure 7 , the concentration of O radical is almost 6 orders larger than the concentration of CH radicals during the high temperature reaction stage of HCCI combustion. Thus, it can be deduced that the concentration of CH is the dominate factor within the production process of H 3 O + ions.
Then, due to the the production rate of CH radicals, the ion concentration is almost third order with respect to the equivalence ratio on the tested gasoline HCCI engine.
Concerning the ion formation process, the effect of intake temperature was also studied in this paper. With an equivalence ratio Ф = 0.40, the amplitudes of ion current signals and the peak Concerning the ion formation process, the effect of intake temperature was also studied in this paper. With an equivalence ratio Φ = 0.40, the amplitudes of ion current signals and the peak H 3 O + concentration were observed as shown in Figure 8 (a). When the intake temperature increased from 442 K to 462 K, it can be seen that the calculated H 3 O + concentration and the amplitudes of ion current signal are increased in a similar way. Under a fixed equivalence ratio condition, the intake temperature will mainly affect the maximum temperature during the combustion process.
As shown in Figure 8 (b), with the increasing maximum combustion temperature, the concentration of CH radicals was increased as well. As mentioned above, the H 3 O + concentration is dominated by the CH radical production, so the H 3 O + production rate was increased as well under higher intake temperature conditions .
Ion recombination process on HCCI engine
Within the multi-zone model, the ion recombination processes in the zone in which the latest ion formatting process is occurred will still treated in a way similar with the single-zone model.
For a clear demonstration of the ion recombination processes, the single-zone combustion model was applied for the study of ion recombination process as well.
ntration Under a wide range of air fuel concentration and intake temperature conditions which covers the operation range of the test HCCI engine (0.22 < Φ < 0.6, 435 K < T in < 465 K) , a same variation principle of ion recombination process was found based on the modeling results. As shown in Figure 9 , the concentration of H 3 O + , the square and differential value of H 3 O + concentration, were normalized into the same scale and compared to each other. Here the combustion temperature is also exhibited. It can be seen that once the heat release process finished, the varying tendency of the differential value is closed to the square value of ion concentration. Such phenomenon was appeared regardless of the changing of the boundary conditions. Therefore, the recombination rate of H 3 O + can be regarded as second order with respect to its concentration, or, reciprocally related to its concentration within the HCCI combustion process. Through the observation of the combustion temperature, it can be found that the drop of temperature was occurred as soon as the heat release process finished. This phenomenon is mainly because of the simplified position motion features in the single-zone model. 
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I o n c u r r e n t s i g n a l Experimental work was also conducted for the observation of ion current signal falling process.
Under the condition of intake temperature T in = 465 K and equivalence ratio Φ = 0.42, the original ion current signal, combustion temperature, heat release curve and the differential value of ion current signal (d ion ) are shown in Figure 10 . Through the observation of the temperature variation and heat release process, the waveform of ion current signal was mainly departed into 3 stages.
Stage I represented the ion current formatting process. Within this stage the ion current appeared and enhanced along with the heat release process. At the end of stage I, the ion current signal reached its peak amplitude and turned into falling process. According to the numerical analysis through the single-zone model, it can be predicted that the signal falling rate, indicated by the value of dIon, will proportional to the square of signal voltage once the combustion process finished.
However, different from the modeling predictions, it can be seen that the signal falling rate in stage II was nearly kept as a constant value. The appearance of such phenomenon is mainly because that actually the ion formation process is mingled with the recombination process on the real engine.
For the real combustion process,the air fuel mixture and the temperature distribution can not be treated as absolutely homogenous, and the ion formation can not be finished simultaneously within the whole cylinder. Thus, both the ion formation and the recombination mechanism were dominate within the stage II, and the ion concentration is not varied significantly in this stage.After the stage II, the piston moved away from the top dead center,the heat release process and the ion formation process were almost finished, then the decreasing rate of ion current signal was mainly decided by the ion recombination process. It can be seen that with the decrease of the ion concentration,the signal falling rate was decreased as well in stage III.
In order to understand the ion current signal falling tendency, the absolute value of ion current signal, the square value of the signal voltage (S ion ) and the absolute value of the differential value of ion current signal (d ion ), were normalized to same scale and compared with each other. As shown in Figure 11 , the signal falling rate, indicated as the absolute value of d Ion , correlated well with the square value of the signal intensity in stage III. Such phenomenon is consistent with the numerical predictions.
Keep test conditions the same, and reduce the intake temperature to 455K, the ion current signal falling rate was also investigated. As shown in Figure 12 , due to the decrease of the intake temperature, the combustion event occurred after the piston reaching top dead center. In such case, the in-cylinder gas expansion process can be regarded as adiabatic, and the normalized value of dIon is correlated with the normalized value of SIon during the whole falling process. Such phenomenon was also observed at lower intake temperature or leaner air fuel conditions. Thus, it can be deduced that the falling rate of ion current signal is significantly affected by the in-cylinder temperature; while within the adiabatic expansion process, the signal falling rate is second order respect to the signal intensity.
Phase correlation between ion current signals and heat release curves
For achieving a quantitative analysis about the phase correlation between ion current signals, calculated ion production processes and heat release processes, a set of the eigenvalues were defined as shown in Figure 13 . As mentioned above, H max , the crank position where the peak of heat release rate occurred was used as the indicator of combustion phase. Similarly, P ion , the position with maximum current intensity increasing rate, was defined to represent the phase of ion current signal.
For the multi-zone model, the H 3 O + concentration was calculated within a series of discrete zones, and a number of peaks were appeared in the ion signal waveform. Hence, it is difficult to define the 13 rmation and recombination process can be reflected by these series of values. Accord nd point of the zone with highest ion concentration increment was defined as dI m ent the phase of ion production curve. of the instant ion production process. Therefore, the ion concentrations at the end of these zones were selected to represent a discrete ion concentration varying process since both ion formation and recombination process can be reflected by these selected values. Accordingly, the end point of the zone with highest ion concentration increment was defined as dI max to represent the phase of ion production curve.
Keeping the intake temperature at 448 K, the waveforms of ion current, cylinder pressure, heat release process and ion formation process under different equivalence ratio conditions are shown in Figure 14 . It can be seen that the cylinder pressure curves predicted by multi-zone model were correlated well with the experimental results. The mean square errors were contained less than 0.07
MPa under each condition. When the equivalence ratio Φ equaled to 0.44, the phase offset between dI max and H max was −0.15 • CA. Mechanism analysis indicates that the ion concentration is nearly third order with respect to equivalence ration, and the recombination rate is numerically second order respect to the ion concentration. Accordingly, under rich air fuel concentration condition, the higher ion production rate will cause a higher ion recombination rate as well. Under such a equivalence ratio condition, both the heats release rate and ion production rate reach to their 14 phase offset were gradually increased. Quantities analysis indicated the averaged difference of P ion -H max increased from 1.4 º CA to 3.3 º CA when the Ф decreased from 0.44 to 0.32. H max increased from 1.4 º CA to 3.3 º CA when the Ф decreased from 0.44 to 0.32. appeared in zone4 and ahead of the H max . While with an intake temperature of 448K, dI m appeared in zone5 and slightly later comparing to H max . Such phenomenon indicates that t ation of intake temperature will affect the difference of dI max -H max as well. e conditions, it can be seen that the phase difference is slightly enlarged under the conditi in =442K although the combustion phase retarded significantly. As discussed in section 4 intake temperature also affects the ion formation process although not as obviously as air fu centration does. With decrease of the intake temperature, the ion formation rate decreas Figure 16 : The waveforms of ion current, ion formation process and combustion parameters under different intake temperature conditions maximum values in zone 5, while the ion concentration increment in this zone was obviously reduced because of the ion recombination process. Actually the dI max was appeared in zone 4 and early than H max . When the Φ decreased to 0.38 and 0.32, it can be seen that the positions of dI max were retarded and appeared in zone 5. Also, the phase offset between dI max and H max are 1.3 • CA and 2.5 • CA respectively. This phenomenon implies that the decrease of ion recombination rate under lean air fuel concentration condition will increase the proportion of the ion production amount in the rear zone. Therefore, both dI max and H max will be retarded under lower fuel concentration conditions, while the position dI max will appeared even later compared to the H max . In fact, the temperature and air fuel mixtures in each zone is still treated as absolute homogenous, so the calculated ion production process is faster than the real case. However, the numerical results still demonstrated that the phase offset between dI max and H max is not a fixed value, and this value will be enlarged under lean fuel concentration conditions. Maintaining the engine operation conditions the same as the settings in above simulation cases, the experimental results about the phase offset between H max and P ion over 40 consecutive cycles were exhibited in Figure 15 . It can be seen that with the decreasing equivalence ratio, this phase offset were gradually increased. Quantities analysis indicated the averaged difference of P ion − H max increased from 1. along with the peak combustion temperature. Accordingly, the ion recombination rate decreased due to the reduced ion concentration. Through the comparison between numerical and experimental results, a tendency still can be identified that the decreased ion recombination rate will enlarged phase difference between ion current signals and heat release curves under low T in conditions. 
Conclusions
Through coupling gasoline flame ionization mechanism with a multi-zone engine combustion model, a mechanism analysis of ionization current based HCCI combustion phasing was achieved. The most important results presented in this paper are summarized as follows:
(1) The production rate of H 3 O + ions is strongly affected by the concentration of air fuel Figure 17 demonstrates the experimental results about the phase difference of P ion − H max under these conditions, it can be seen that the phase difference is slightly enlarged under the condition of T in = 442 K although the combustion phase retarded significantly. As discussed above, the intake temperature also affects the ion formation process although not as obviously as air fuel concentration does. With the decreasing of the intake temperature, the ion formation rate decreased along with the peak combustion temperature. Accordingly, the ion recombination rate decreased due to the reduced ion concentration. Through the comparison between numerical and experimental results, a tendency still can be identified that the decreased ion recombination rate will enlarged phase difference between ion current signals and heat release curves under low T in conditions.
Through coupling gasoline flame ionization mechanism with a multi-zone engine combustion model, a mechanism analysis of ionization current based HCCI combustion phasing was given. The key results presented in this paper are summarized as follows:
(1) On the test engine, the concentration of the H 3 O + ions aroused within the gasoline flame is strongly affected by the concentration of air fuel mixtures as it being nearly third order with respect to the equivalence ratio.
(2) For the ion recombination process,the recombination rate of H 3 O + is numerically second order respect to its own concentration. The increase of equivalence ratio or intake temperature will significantly enhance the ion recombination process due to the increased ion concentration.
(3) In the multi-zone model,the maximum ion formation rate will retard when the maximum heat release rate appeared later. As a sequence the ion recombination will also increases . Therefore, the location of the maximum ion current increasing rate and the maximum heat release rate varied with the same tendency.
(4) Comparing with the ion formation rates, the ion recombination rates reduced more significantly under the conditions of leaner equivalence ratios or lower intake temperatures. As a result, the maximum ion concentration increase rate will appear later comparing with the maximum heat release rate under such conditions.
